We examine equatorial wave structure in temperature mea-5 surements from the High Resolution Dynamics Limb Sounder (HIRDLS) on 6 the Aura satellite. Waves with periods longer than 1 day and zonal wavenum-7 bers up to 8 (depending on frequency) are derived from an asynoptic Fourier 8 transform analysis. HIRDLS measurement sampling and resolution afford 9 unprecedented views of the latitude-height structure of equatorial Rossby 10 wave, mixed Rossby-gravity wave, and Kelvin wave modes at altitudes above 11 cloud tops in the tropical upper troposphere and stratosphere. Wave modes 12 with vertical wavelength as short as 4 km can be clearly seen in the data. 13 Kelvin waves comprise a dominant signal throughout the 3 years of HIRDLS 14 measurements, and we further examine time, height, and longitude variations 15 observed in the Kelvin waves. An annual cycle of Kelvin wave temperature 16 amplitudes near the tropopause is observed that may have implications for 17 annual variations in wave-cirrus formation in the tropics. This annual vari-18 ation can be largely explained by effects of the background wind and sta-19 bility on Kelvin wave propagation and potential energy in the tropical tropopause 20 layer. At altitudes 20 km and above, the annual cycle gives way to an inter-21 annual cycle in Kelvin wave amplitudes that is related to the quasibiennial 22 oscillation in stratospheric winds. This interannual variation is a signature 23 of Kelvin wave forcing of the descent of westerly winds in the oscillation, and 24 we compute the Kelvin wave fractional contribution to the forcing.
Introduction
Equatorial waves forced by tropical convection drive the quasibiennial oscillation (QBO) 26 in lower stratospheric winds and contribute to driving semi-annual oscillations in the winds 27 at higher altitudes [Holton, 1972; Giorgetta et al., 2002; Kawatani et al., 2010 ; Garcia X -8 ALEXANDER AND ORTLAND: EQUATORIAL WAVES IN HIRDLS ∼2-24 km) and the above k and ω limits for Kelvin waves. Westward propagating ER 137 waves are also prominant in both phases at k = -1 and -2 and periods longer than ∼10 138 days (ω=0.1 cy/day). The dispersion curve for ER waves with meridional mode n=1 139 [Matsuno, 1966] and vertical wavelength 20 km is also shown. When shear is negative 140 (descending easterly phase of the QBO), power in the westward-propagating MRG wave 141 band with k ranging -5 to 0 and periods ∼3-4.5 days (ω=0.23-0.32 cy/day) becomes more 142 apparent. The dotted lines on the right panel show dispersion curves for MRG waves with 143 vertical wavelengths 4 and 10 km. We can also see a weak signal of eastward propagating 144 inertia gravity waves with periods near 2 days in the spectra. Power at 1-day period will 145 include non-migrating tides forced by latent heating at the diurnal frequency. appear weak in the averaged spectra in Fig. 1 , this is because they are more sporadic in 164 occurrence than the slower waves, and they at times appear very clearly in the data. The 165 characteristic equatorially trapped and antisymmetric structure across the equator of the 166 MRG waves is very clearly resolved here. The ER wave filter includes westward k=1-5, 167 periods shorter than 32 days, and vertical wavelengths shorter than ∼20 km. These tran-168 sient ER waves display their characteristic symmetric structure. The 60-day window we 169 have applied in the spectral analysis is not optimal for the nearly stationary ER waves, 170 so we are only well-resolving the transient components here with periods shorter than 171 ∼30 days. The filtered results will include extratropical Rossby waves at higher latitudes. 
Perturbations (denoted with primes) are related to amplitudes (denoted with tilde) as 
and horizontal wind perturbations can be related to vertical wind perturbations via continuity,
Hereρ is the zonal-mean density, g is gravitational acceleration,ω = ω−kU is the intrinsic frequency, and N is the buoyancy frequency. Then using the Kelvin wave dispersion relationω/N = −k/m,
If we assume A is constant in time, then at any one altitude, the variations in Kelvin wave amplitude with time will be governed by, 
Written in this form, all terms in the equation can be derived directly from the HIRDLS measurements. Kelvin wave modes are isolated as a function of ω and k using the Salby method. This defines the monthly-averaged temperature amplitude as a function of wavenumber and frequency and heightT (k, ω, z) for each mode resolved in the Kelvin wave band. The vertical structure m is estimated with two methods. In the first method, we compute the vertical variation in vertical wavenumber m(z) for each mode using an S-transform wavelet-type analysis, and estimate momentum flux with (6). In the second method, we estimate m(z) using the Kelvin wave dispersion relation: 
